Introduction {#Sec1}
============

Amyotrophic lateral sclerosis (ALS) is a rapidly progressing neurodegenerative disease characterised by limb and bulbar muscle weakness ultimately leading to respiratory failure and death^[@CR1]^. Disease pathology is based on a multifactorial aetiology with a complex interplay of genetic and environmental risk factors^[@CR2]^, some of which have also been reported in other neurodegenerative diseases^[@CR3],[@CR4]^.

An increasing body of evidence based on experimental data suggests that lysosomal dysfunction results in defective protein clearance and plays a crucial role for the intracellular protein deposition characteristically found in neurodegenerative diseases including Parkinson's disease^[@CR5]^, Alzheimer's dementia^[@CR6],[@CR7]^ and ALS^[@CR8],[@CR9]^. Those findings have paved the way for novel therapeutic strategies targeting pathways involved in the luminal acidification of lysosomes^[@CR10]^. Proton pump inhibitors (PPIs), a widely prescribed drug class to reduce gastric acid and treat gastroesophageal reflux disease, pass the blood brain barrier^[@CR11],[@CR12]^ and were shown to impair autophagy and lysosomal acidification by inhibition of vacuolar H^+^ ATPases, thereby hampering protein degradation and potentially contributing to disease pathology in neurodegenerative diseases^[@CR10],[@CR13],[@CR14]^. Exposure to PPIs may therefore constitute a risk factor for proteinopathic neurodegenerative disease such as Parkinson's disease, Alzheimer's dementia and ALS. In fact, observational studies found evidence for an association between PPI use and an increased risk to develop Parkinson's disease^[@CR15]^ and dementia^[@CR16],[@CR17]^, but no studies have yet assessed the link between exposure to PPIs and ALS risk.

The aim of this nationwide nested case--control study utilising several Swedish national health registers was to test the hypothesis that PPIs constitute a risk factor for ALS. As PPIs are one of the most widely prescribed drugs worldwide^[@CR18]^ and ALS is one of the most devastating diseases to date, a small risk increment for ALS in relation to PPI use would still lead to significant public health implications.

Results {#Sec2}
=======

A total of 2,484 cases with a new diagnosis of ALS and 24,840 matched controls were identified during the study period. Among cases, 1,674 (67%) were identified by their first ALS related hospital visit as outpatients, whereas 810 (33%) were identified by their first ALS related hospital visit as inpatients. In both cases and controls, the mean age at the index date was 68.6 years and men accounted for 56.7% of the study sample (Table [1](#Tab1){ref-type="table"}). ALS patients were more likely to be dispensed with PPIs before the index date (28.3% among cases and 24.0% among controls, *p* \< 0.0001, Chi-square test), corresponding to a significant ALS risk increment associated with PPI use (OR = 1.26, 95% CI 1.15--1.39). However, after exclusion of PPI dispenses in the first year before the index date from the analysis (i.e. including a lag window of 1 year) the difference diminished and was no longer statistically significant (21.7% among cases and 20.5% among controls, *p* = 0.0914, Chi-square test). The cumulative exposure to PPIs was higher among cases than controls (cDDDs of 515 ± 674 among cases and 504 ± 674 among controls) after including the lag window of 1 year, but the difference was again not statistically significant (*p* = 0.4380, T-test). Any PPI use before the index date was not associated with an increased risk of ALS after including a lag window of 1 year (OR = 1.08, 95% CI 0.97--1.19), and there was no dose--response relationship between cDDDs of PPIs and ALS risk (*p* = 0.0874) (Table [2](#Tab2){ref-type="table"}). The association did not vary by age or sex and the results were similar using lag windows of 2 or 3 years.Table 1Characteristics of ALS patients and the matched controls, a nested case--control study in Sweden, 2006--2013.CharacteristicsPatients with ALSControlsTotalMenWomenTotalMenWomenN (%)2,4841,408 (56.7)1,076 (43.3)24,84014,080 (56.7)10,760 (43.3)Age at index date in years (mean ± SD)\*68.6 ± 11.767.9 ± 11.669.7 ± 11.868.6 ± 11.767.9 ± 11.669.7 ± 11.8**Area of residence, N (%)**Northern Sweden589 (23.7)322 (22.9)267 (24.8)5,890 (23.7)3,220 (22.9)2,670 (24.8)Central Sweden1,330 (53.5)762 (54.1)568 (52.8)13,300 (53.5)7,620 (54.1)5,680 (52.8)Southern Sweden565 (23.0)324 (23.0)241 (22.4)5,650 (22.8)3,240 (23.0)2,410 (22.4)PPI user (before index date), N (%)704 (28.3)372 (26.4)332 (30.9)5,961 (24.0)3,072 (21.8)2,889 (26.9)cDDDs (mean ± SD)534 ± 714534 ± 730534 ± 696573 ± 769583 ± 790563 ± 746PPI user (before index date), N (%)†539 (21.7)278 (19.7)261 (24.3)5,099 (20.5)2,615 (18.6)2,484 (23.1)cDDDs (mean ± SD)†515 ± 674526 ± 686505 ± 614504 ± 674517 ± 698491 ± 647*SD* standard deviation, *cDDDs* cumulative defined daily doses.\*Date of diagnosis for ALS patients and date of selection for controls.^†^After inclusion of a lag window of 1 year.Table 2Association between PPI use and the risk of ALS, a nested case--control study in Sweden, 2006--2013.GroupsIncluding a lag window of 1 yearIncluding a lag window of 2 years†Including a lag window of 3 years†Cases/controlsOR (95% CI)\*Cases/controlsOR (95% CI)\*Cases/controlsOR (95% CI)\***Whole population**PPI non-user1,945/19,7441.00 (reference)1,778/17,9821.00 (reference)1,545/15,6231.00 (reference)PPI user539/5,0961.08 (0.97--1.19)426/4,0581.06 (0.95--1.19)331/3,1371.07 (0.94--1.21)**By cDDDs**Low tertile179/1,8111.01 (0.86--1.18)127/1,3660.94 (0.78--1.14)103/1,0680.98 (0.79--1.20)Mid tertile177/1,6171.11 (0.95--1.31)155/1,3621.15 (0.97--1.37)120/1,0411.17 (0.96--1.42)High tertile183/1,6681.12 (0.95--1.32)144/1,3301.10 (0.92--1.32)108/1,0281.07 (0.87--1.31)p for trend0.08740.13670.2309**Male**PPI non-user1,130/11,4671.00 (reference)1,035/10,3961.00 (reference)904/9,0971.00 (reference)PPI user278/2,6131.08 (0.94--1.25)213/2,0841.03 (0.88--1.20)167/1,6131.04 (0.87--1.24)**By cDDDs**Low tertile95/9221.05 (0.84--1.31)70/7021.00 (0.78--1.29)51/5470.90 (0.70--1.26)Mid tertile93/8211.15 (0.92--1.44)68/6890.99 (0.77--1.28)56/5301.06 (0.80--1.42)High tertile90/8701.05 (0.84--1.33)75/6931.09 (0.85--1.40)60/5361.13 (0.85--1.50)p for trend0.30550.61170.4163**Female**PPI non-user815/8,2771.00 (reference)743/7,5861.00 (reference)641/6,5261.00 (reference)PPI user261/2,4831.07 (0.92--1.24)213/1,9741.11 (0.94--1.30)164/1,5241.10 (0.91--1.32)**By cDDDs**Low tertile84/8890.96 (0.76--1.22)57/6640.88 (0.66--1.17)52/5211.02 (0.76--1.37)Mid tertile84/7961.08 (0.85--1.37)87/6731.33 (1.05--1.68)64/5111.28 (0.97--1.68)High tertile93/7981.19 (0.95--1.50)69/6371.11 (0.85--1.45)48/4921.00 (0.73--1.36)p for trend0.16030.10380.3766**\< 65 years**PPI non-user733/7,5081.00 (reference)657/6,6941.00 (reference)561/5,6721.00 (reference)PPI user148/1,3021.17 (0.97--1.41)111/9861.15 (0.93--1.42)79/7281.10 (0.86--1.41)**By cDDDs**Low tertile59/5631.08 (0.81--1.42)45/4041.14 (0.83--1.57)38/3051.26 (0.89--1.79)Mid tertile50/3971.30 (0.95--1.76)40/3171.29 (0.92--1.81)24/2241.09 (0.70--1.67)High tertile39/3421.17 (0.83--1.65)26/2651.00 (0.66--1.51)17/1990.86 (0.52--1.43)p for trend0.09190.32080.9064**≥ 65 years**PPI non-user1,212/12,2361.00 (reference)1,121/11,2881.00 (reference)984/9,9511.00 (reference)PPI user391/3,7941.04 (0.92--1.18)315/3,0721.03 (0.90--1.18)252/2,4091.06 (0.91--1.23)**By cDDDs**Low tertile120/1,2480.97 (0.80--1.18)82/9620.86 (0.68--1.09)65/7630.86 (0.66--1.12)Mid tertile127/1,2201.05 (0.87--1.28)115/1,0451.11 (0.91--1.36)96/8171.19 (0.95--1.49)High tertile144/1,3261.10 (0.91--1.32)118/1,0651.12 (0.91--1.37)91/8291.11 (0.88--1.40)p for trend0.31450.24960.1953*OR* odds ratio, *CI* confidence interval, *cDDDs* cumulative defined daily doses.\*Adjusted for age, sex, and area of residence.^†^The application of longer lag windows resulted in lower case numbers because only cases diagnosed in later calendar years could have an observation period longer than the respective lag time of 2 and 3 years, respectively (2,204 cases and 22,040 matched controls using a lag window of 2 years and 1,876 cases and 18,760 controls using a lag window of 3 years).

Discussion {#Sec3}
==========

In this nationwide nested case--control study from Sweden, we assessed for the first time the association between the use of PPIs and future ALS risk. Although ALS patients were more likely to use PPIs before diagnosis than controls, there was no association between PPI use and ALS risk when applying a lag window of 1, 2, or 3 years before diagnosis.

The importance of the utilisation of lag windows in pharmacoepidemiology has been emphasised in studies of dementia^[@CR19]^, another proteinopathic neurodegenerative disease with a long pre-diagnostic disease course that shares pathomechanisms with ALS. Although earlier studies reported an association between PPI use and dementia risk^[@CR16],[@CR17]^, a more recent nested case--control study based on nationwide health registers in Finland could not find a statistically significant association after applying lag windows of 1--5 years^[@CR20]^. Lag windows are useful to assess the potential impact of reverse causation on the association between medication use and a disease risk, e.g. medications might be used to treat symptoms associated with an upcoming disease outcome^[@CR20]^. Another reason for the application of lag windows is that ALS patients are more likely to consult a clinician after symptom onset (and before diagnosis) than controls^[@CR21]^, and are therefore also more likely to be diagnosed with and treated for dyspepsia, which is very common in the general population with prevalence estimates over 20%^[@CR22]^. Alternatively, as pain has been reported as one of the initial ALS symptoms^[@CR23]^, PPIs could also have been prescribed together with nonsteroidal anti-inflammatory drugs (NSAIDs) to reduce NSAID-induced gastrointestinal adverse events^[@CR24]^. A lag window of 1 year was therefore chosen in our study due to the well described diagnostic delay (i.e. time from symptom onset to diagnosis) of roughly the same length in ALS patients, which has been attributed to the insidious nature of the disease and referral from primary care to inappropriate specialists^[@CR25]^. Similar results were obtained using lag windows of 2 or 3 years with no significant association between PPI use and ALS risk.

PPIs are among the most widely prescribed drugs worldwide, with prevalence estimates over 30% in the aged population^[@CR18]^. Over-prescription and inappropriate use of PPIs have also been reported^[@CR26],[@CR27]^. As a result, a risk increment of neurodegenerative diseases in relation to PPI use, if verified, might lead to important public health implications. More research with proper study design and analytical methodologies are clearly needed in further assessing the role of PPIs on neurodegenerative diseases, including not only dementia, Parkinson's disease, but also ALS. In addition to its role on the risk of neurodegenerative diseases, the impact of PPIs on the progression of neurodegenerative diseases is also interesting. Although we did not find an association between PPI use and ALS risk in the present study, the role of PPIs on the survival of ALS patients needs to be studied further. A study of US veterans found an increased mortality among PPI users^[@CR28]^, and a more recent study from Austria reported an increased mortality risk associated with PPI use among dementia patients and controls^[@CR29]^. In terms of ALS, only one study examined the effect of various medications including PPIs on the disease course and failed to show a statistically significant relationship between PPIs and ALS survival after correction for multiple testing^[@CR30]^. Future studies are clearly needed to address this question further.

Our study is characterised by the nationwide population-based design including virtually all ALS cases diagnosed during the study period in Sweden, as the Swedish health-care system covers the total population despite their socioeconomic status and age. Although we were not able to verify diagnoses for all patients with ALS, the Swedish Patient Register was shown to have a positive predictive value of \> 90% for ALS diagnosis^[@CR31]^. Another strength of our study was that exposure to PPIs was precisely quantified by the calculation of cDDDs, which was reported to accurately represent PPI exposure^[@CR32]^. Our study has also limitations. Due to the lack of detailed information on clinical characteristics of ALS cases including site of onset, disease progression rate and family history, we were unable to assess whether the noted null association between PPI use and disease risk differed between ALS phenotypes. PPI use before July 1, 2005 was not captured by the Prescribed Drug Register and could therefore not be determined in this study, potentially leading to a misclassification of PPI exposure in ALS cases and controls to some extent. However, this bias is not likely to be of great magnitude as our study covered a sufficiently long total observation period of 8.5 years in the Prescribed Drug Register, which was longer than the covered period in comparable observational studies assessing the link between PPI use and dementia risk^[@CR16],[@CR17]^. Over-the-counter use of PPIs was not captured by the Prescribed Drug Register, but as PPIs obtained over-the-counter are usually of smaller packages and at a much higher price per dose, the degree of misclassification is likely to be minor. Previous studies have also shown that prescription claims are a valid data source for assessing exposure to medications, even though some of the medications are available over-the-counter^[@CR33],[@CR34]^. Moreover, not all ALS risk factors reported in literature could be accounted for as confounders in this study. ALS risk factors include family history, age, sex, smoking, body mass index (BMI), and lipid levels^[@CR2]^. Among these, family history is unlikely to be a confounder, defined as a common cause for the exposure and the outcome (i.e. for PPI use and ALS risk), whereas smoking, BMI, and lipid levels might be considered as potential confounders. Because of the register-based nature of the present study, however, we could not identify information on these factors.

In summary, we found no association between PPI use and ALS risk when utilising a lag window of at least 1 year before diagnosis. The application of lag windows is important in pharmacoepidemiological studies on diseases with significant diagnostic delays.

Methods {#Sec4}
=======

Study design {#Sec5}
------------

The study base of this nested case--control study is the Swedish Total Population Register, which was cross-linked to the Swedish Patient Register, the Swedish Prescribed Drug Register, and the Causes of Death Register using the individually unique personal identity numbers assigned to all Swedish residents^[@CR35]^. All individuals born in Sweden and alive on July 1, 2006 were included and followed from July 1, 2006 until (i) ALS diagnosis, (ii) emigration, (iii) death, or (iv) December 31, 2013, whichever came first. ALS diagnosis was ascertained from the Swedish Patient Register according to the 10th Swedish revision of the International Classification of Disease code G12.2^[@CR31],[@CR36]^, with the date of the first related hospital visit---either as an outpatient or inpatient---defining the date of ALS diagnosis. Using the method of incidence density sampling^[@CR37]^, we selected ten controls per ALS case on the date of ALS diagnosis. These controls were individually matched to the case by sex, age, and area of residence and had to be free of ALS on the diagnosis date of their corresponding cases. The date of ALS diagnosis in cases and the date of selection in controls were used as the index date for both cases and controls.

PPI exposure {#Sec6}
------------

The Swedish Prescribed Drug Register contains information on the Anatomical Therapeutic Chemical (ATC) codes, dosages, and dates of prescriptions and dispenses of all drugs in Sweden since July 1, 2005^[@CR38]^. In both cases and controls, information on all dispensed PPIs (ATC code A02BC) between July 1, 2005 and the index date was extracted from the Prescribed Drug Register. Because cases and controls were selected from July 1, 2006 onward, there was at least a 1-year observation period for all cases and controls to collect information on PPI use. Individuals that had at least one PPI dispense before the index date were classified as PPI users. The cumulative defined daily doses (cDDDs) for PPIs were calculated as the total dispensed number of defined daily doses between July 1, 2005 and the index date. PPI use was therefore defined first as a categorical variable with two groups (PPI user and PPI non-user) and then as three groups according to the tertile distribution of cDDDs. Different lag windows ranging between 1 and 3 years before the index date were applied to account for both reverse causation^[@CR20]^ and the mean diagnostic delay of around 12 months in ALS patients in Sweden^[@CR39]^; this means that PPIs used within a specific lag window were not considered in the respective analyses.

Statistical analysis {#Sec7}
--------------------

Descriptive statistics were performed using means and standard deviations (SD). Conditional logistic regression models were fitted to estimate odds ratios (ORs) and their 95% confidence intervals (CIs) for ALS in relation to PPI use, because cases and controls were individually matched to each other. Analyses were performed after including lag windows of 1, 2 or 3 years before the index date, respectively. All analyses were repeated after stratification for sex (male or female) and age at the index date (\< 65 years or ≥ 65 years). Data analyses were performed using SAS version 9.4 (SAS Institute Inc, Cary, NC). A two-sided p \< 0.05 was considered statistically significant.
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